December 2012 • Oil and Gas Facilities 57 Summary A realistic computational fluid dynamics (CFD) simulation of a field three-phase separator has been developed. This realistic CFD simulation provides an understanding of both the microscopic and macroscopic features of the three-phase separation phenomenon. For simulation purposes, an efficient combination of two multiphase models of the commercial CFD software, Fluent 6.3.26 (ANSYS 2006a), was implemented. The flow-distributing baffles and wire mesh demister were also modeled using the porous media model. Furthermore, a useful approach to estimating the particle size distribution in oilfield separators was developed. The simulated fluid-flow profiles are realistic and the predicted separation efficiencies are consistent with oilfield experience.
Introduction
Once a crude oil has reached the surface, it must be processed so that it can be sent either to storage or to a refinery for further processing. In fact, the main purpose of the surface facilities is to separate the produced multiphase stream into its vapor and liquid fractions. On production platforms, a multiphase separator is usually the first equipment through which the well fluid flows, followed by other equipment such as heaters, exchangers, and distillation columns. Consequently, a properly sized primary multiphase separator can increase the capacity of the entire facility.
CFD simulation is routinely used to modify the design and to improve the operation of most types of chemical process equipment, combustion systems, flow measurement and control systems, material handling equipment, and pollution control systems (Shelley 2007) . There are two approaches to developing CFD models of a multiphase flow: the Euler-Lagrange approach and the Euler-Euler approach. In the Euler-Lagrange approach, the continuous fluid phase is modeled by solving the time-averaged NavierStokes equations, and the dispersed phase is simulated by tracking a large number of droplets through the flow field based on Newton's second law. The Euler-Euler approach, on the other hand, deals with the multiple phases as continuous phases that interact with each other. Because the volume of a phase cannot be occupied by the other phases, phase-volume fractions are assumed to be continuous functions of space and time, and their sum is equal to 1.
The literature on the critical unit operation of multiphase separators abounds with macro studies and design methodologies for twoand three-phase vertical and horizontal separators. However, there are very few papers that focus on the micro details of the actual separation process. The most important features of these studies have been reviewed as follows. Hansen et al. (1993) presented the simulation results of the developed CFD code, FLOSS, for an industrial scale three-phase separator. The separator of interest, with diameter of 3.33 m and length of 16.30 m, was the first stage of the threestage-dual-train production process installed on Gullfaks-A offshore platform. The production on the Gullfaks-A platform started successfully in 1986-87. However, because of a projected increase in the water production, several separation inefficiencies such as water-level control, emulsion problems, and increased impurities were experienced in the following years. In order to develop an indepth understanding of this complex three-phase separation process, Hansen et al. (1993) developed a CFD model of the separator. Because of the problem scale and importance, and also because almost all of the operating and physical parameters required for CFD simulations have been provided by Hansen et al. (1993) , this significant case was selected for comprehensive CFD studies in the present work. Hallanger et al. (1996) developed a CFD model for a three-phase (free gas, oil+dispersed water, and free water) separator by extension of the two-fluid model. The mixture model was used for modeling the oil phase while the water droplets were distributed through different droplet size classes. The momentum equation for the mixture phase together with the continuity equations for each class was solved. Interaction between dispersed droplets, such as coalescence and breakup, was neglected. The pressure-correction approach with some adjustments for the mixture phase was used to obtain the numerical solution of the system. The model was used to simulate a first-stage separator equipped with a deflector baffle, two perforated baffles, a demister, and a weir plate. The CFD results indicated that most of the smaller water droplets would remain in the oil phase. The CFD results in terms of concentrations of water droplets in the oil outlet vs. oil-residence time compared well with empirical data. The effects of inlet distributors and distributing baffles on reducing the size and weight of separation trains were reviewed by Frankiewicz et al. (2001) . The sensitivity of the installed vortex cluster to the inlet flow rate has also been demonstrated. This paper did not include any information on the developed CFD models. Frankiewicz and Lee (2002) studied the influence of inlet nozzle configuration, flow distributors, perforated plates, and outlet nozzles on the flow pattern in two and three-phase oilfield separators. They used Fluent 6.0 software and took the inlet nozzle, the inlet momentum breaker, perforated plates, weir or bucket plates, and outlet nozzles as the key affecting components. To increase the effective liquid retention time, CFD studies indicated that a second perforated plate just upstream of the outlet nozzle was required. Moreover, the use of composite plate electrodes and the shrouded pipe distributors increased the capacity of the operating separator to some 67% owing to an improved plugflow regime. Lee et al. (2004) evaluated the design of internals for a three-phase separator to mitigate sloshing of liquid phases caused by the offshore platform location. In order to prevent the water phase from being pulled up toward the oil weir, on the basis of the performed CFD simulations, a perforated baffle was designed and placed near the oil weir, the open areas of two preceding baffles were decreased, and the configuration of the oil weir was modified.
These improvements led to eliminating the water spillover problem. Unfortunately, the details of the CFD simulations and the obtained solutions were not presented in the paper.
A vertical two-phase separator equipped with a deflector baffle and a vane-type demister was modeled by Swartzendruber et al. (2005) using Fluent software. They focused on the quality of gas flow distribution through the demister. Again, unfortunately, details of the developed CFD model are missing from the paper. On the basis of the resulting fluid-flow streamlines, two changes were devised to mitigate the uneven flow distribution in the vane demister. Thus, the deflector baffle was moved away from the inlet and installed parallel to vane demister, and a 90° elbow with turning vanes was installed between the inlet and the deflector baffle. Lu et al. (2007) studied the effectiveness of perforated plate baffles for improving the separation performance of a FWKO separator. The Fluent 6.2 software was used for simulation, but the multiphase modeling was based only on a balance between available computational resources and model capabilities. The velocity contours of fluid flows visually confirmed that the previous large flow circulations were broken into small ones by installing the perforated plate baffles. Furthermore, the mean residence time of fluid particles was calculated and showed an increase from 630 to 980 seconds for the water phase and from 520 to 745 seconds for the oil phase because of the installed distributing baffles. Lee et al. (2009) discussed several engineering judgments and the corresponding CFD verifications to revamp the phase-separation inefficiencies experienced in a major oil production facility. Their debottlenecking studies led to some suggestions for the weir height, liquid levels, and configuration and position of distribution baffles. Again, details of the CFD models, developed through the Fluent 6.3.26 software, have not been provided in the paper. The simulation results showed that the applied improvements mainly influenced the water phase, and the fluid-flow streamlines visually confirmed that the large flow circulations were broken into small weak ones by implementing the suggested modifications.
Developed CFD Model
Physical Model. Fig. 1 provides the geometrical specifications of the Gullfaks-A separator as provided by Hansen et al. (1993) . As Fig. 1 shows, a spherical deflector baffle was used to break the momentum of the inlet three-phase fluid flow entering the vessel as a high-momentum jet. The upper part of the vessel was equipped with internals, including flow-distribution baffles and a demister, to enhance the separation of liquid droplets from gas.
In this study, building the physical model and generating the corresponding mesh system were performed in the Gambit 2.4.6 (ANSYS 2006b) environment. In order to have a discretized model with "good" grid quality, the mesh-generation process was completed in a step-by-step sequence. The vessel was split into areas and the inlet nozzle, deflector baffle, splash plate, weir, and outlet nozzles were first discretized. In doing so, the edges of nozzles and other internals were discretized before the mesh generation for the separator surfaces and volumes. Then, the cylindrical part of the vessel was discretized such that some cells in this part were separated and referred to as the porous media, and did include mesh for distribution baffles and the demister pad. The horizontal surrounding surfaces of each baffle (with thickness of 0.02 m) and those of demister pad (with thickness of 0.15 m) were assumed to be flat surfaces. Therefore, in the cylindrical part of the vessel, the grids must be fine enough and arranged horizontally in regular and constant intervals. After generating the mesh for the cylindrical part of the vessel, the remaining parts of the vessel were "swept" by the Gambit mesh generation tool. Mesh elements were generally hexahedral. However, for regions with complex geometry (i.e., the inlet and outlet nozzles), tetrahedral elements were necessarily used.
The global quality of the produced mesh in terms of number of cells, maximum cell squish, maximum skewness, and maximum aspect ratio are presented in Table 1 , and Fig. 2 includes screen shots of the generated model in the Gambit environment. Furthermore, to ascertain the quality of the generated mesh, the cell skewness was evaluated and, as shown by the mesh results of Table 1 , only a negligible fraction of cells (0.0025%) was of poor quality. However, the grids with a cell skewness factor greater than 0.8 were Material Definition. The physical parameters for the fluids in the Gullfaks-A separator are taken from Hansen et al. (1993) and presented in Table 2 . Because interfacial surface tensions were not given in the original paper, estimated values were used. For this purpose, a hydrocarbon mixture was defined in HYSYS 3.2 (AspenTech 2003) to simulate the oil phase. The criterion for setting the composition of the mixture was the accuracy of the mixture density and viscosity at operating temperature and pressure compared to the values given in the original study. Using the PR equation of state and the TRAPP model, the density and viscosity of the mixture were estimated to be 783.59 kg/m 3 , and 0.005296 Pa·s, respectively, with an estimation error for the oil density and viscosity of 5.76 and 0.88%, respectively. Thus, it was assumed that the oil/gas surface tension estimated by HYSYS was reasonable, and a surface tension of 0.0238 N/m was assumed for the oil/gas interface. The assumed value compared well with the oil surface tension range of 0.023 to 0.038 N/m at 20°C proposed by Streeter and Wylie (1985) . HYSYS 3.2 was also used for estimation of water/gas surface tension of 0.0668 N/m. Using the chart provided by Heidemann et al. (1987) , the surface tension of pure water is 0.067 N/m at 55.4°C, which is in agreement with the HYSYS estimate. Finally, the empirical study of Kim and Burgess (2001) was used to estimate the oil/water surface tension of 0.052 N/m at 25°C. They noted that although oil is a mixture of various hydrocarbons, each one constituting hydrocarbon in contact with water has almost the same interfacial surface tension. Thus, it was assumed that the surface tension for oil/water interface at 25°C would be almost the same as reported by Kim and Burgess (2001) . Furthermore, in order to account for surface tension temperature functionality as proposed by Poling et al. (2001) , the reported value was modified and a surface tension of 0.0486 N/m was used for the oil/water interface at 55.4°C. The estimated value is in agreement with the Antonoff's rule in that the oil/water surface tension should be approximately equal to the absolute difference between oil and water surface tensions (Antonoff 1907) , which are 0.0238 and 0.0668 N/m, respectively.
Modeling the Distribution Baffles. The porous media model with appropriate modifications was used to model the flow through baffles and demisters. This approach is based on the evaluation of the momentum source term in the porous media model by correlations developed by Kolodzie and Van Winkle (1957) for the fluid flow through a perforated plate (Pourahmadi Laleh 2010). Eq. 1 was developed for calculation of the inertial resistance factor C 2 in the direction normal to the baffle plate: (1) where C is the plate discharge coefficient, δ is the baffle thickness in m, and A p and A f are total area and open area of the baffle in m 2 , respectively. Therefore, if the configuration and dimensions of the flow-distributing baffles are provided, C 2 and the porosity of baffles, which are necessary for the porous media model, can be calculated. Although these crucial specifications were not provided in the original paper of Hansen et al. (1993) , Hansen et al. (1991) performed several experiments to obtain data in order to validate the results of their developed computer code, FLOSS, which was used for the simulation of the Gullfaks-A separator. Inside their experimental model, with dimensions of 0.46×0.46×1.83 m, the flow-distributing baffle was specified as a perforated plate with 173 holes, each with diameter of 6.4 mm and distance between centers of 25 mm. Because the model has been used for validation of the computer code, and the computer code was used to simulate the Gullfaks-A separator, it can be expected that the model baffle had the same overall configuration (hole pattern) as the baffles of the Gullfaks-A separator. Therefore, with the further assumption of a baffle thickness of 20 mm, the baffle porosity ε was calculated to be 0.05, and constant C 2 was calculated to be 29240 m -1 .
Modeling the Wire Mesh Demister. Wire mesh demisters were also modeled using the porous media model. For this purpose, the porous media parameters, which are used for pressure drop calculations in the media, need to be set. Because the mesh pad demisters generally result in very low pressure drops, their pressure drop was assumed to be negligible. Fortunately, quite recently, a comprehensive and practical research study has appeared in the public literature that deals with the characterization of pressure drop in knitted wire mesh demisters. Helsør and Svendsen (2007) have reviewed the two other relevant studies in this field and presented their model for pressure drop calculation in mesh pads. In their experimental studies, the data have been collected and analyzed for seven different wire mesh demisters, at four different system pressures (ranging from atmospheric pressure to 9.2 MPa), using three different fluids (air, nitrogen, and natural gas). The data have been fit to a Hazen-Dupuit-Darcy type equation (Eq. 2) for calculation of the pressure drop caused by demister: (2) where m is the fluid viscosity in Pa·s, α is permeability factor in m 2 , V is flow velocity in m/s, C is the plate discharge coefficient, and ρ is the fluid density in kg/m 3 . Helsør and Svendsen (2007) have provided the correlating parameters (α and C) for the different mesh pad types. As noted by Pourahmadi Laleh (2010), provided that the type and characteristics of the mesh pad are available, these correlating parameters can be used to calculate the parameters required for the porous media model. Because the specifications of the demister were not provided in the original paper of Hansen et al. (1993) , the most commonly used wire mesh properties were assumed for calculation of these constants. A wire mesh pad with a thickness of 0.15 m is commonly used in separators (Walas 1990; Lyons and Plisga 2005; Coker 2007 ); hence, a type E demister as specified by Helsør and Svendsen (2007) was selected for simulation purposes. The viscous resistance factor was calculated to be 3.85e6 m -2 , and the inertial resistance factor was calculated to be 126 m -1 .
Multiphase Models Incorporated. In order to develop a visual understanding of the complex three-phase separation process, Hansen et al. (1993) modeled the overall fluid-flow regimes inside the separator. To simplify this complicated simulation task, they focused on two zones: the inlet and momentum breaker zone and the bulk liquid flow zone. In the current study, however, all the separation zones of the separator were simulated. Therefore, the results should provide an overall picture of separation quality not only in the inlet and bulk liquid zones, but also in the gas and interface zones. Exploiting the various multiphase models available in the Fluent 6.3.26 software, an efficient combination of two multiphase modeling approaches is used for modeling both the macroscopic and microscopic features of this three-phase separator. Therefore, the Euler-Lagrange approach is used for simulation of the movement of fluid droplets that are injected at the separator inlet, and the Euler-Euler approach is used for simulation of fluid-flow patterns in the immiscible three-phase flows. Implementation of the Euler-Lagrange approach leads to the discrete phase model (DPM), which works well for flow regimes in which the discrete phase is of less than 12% volume fraction. In addition to the gravity and drag forces, which are the most affecting forces in the phase-separation phenomenon, all other relatively effective forces, such as the virtual mass force, the Brownian force, and the lift force, are also taken into account while tracking the droplets in the DPM model. Coalescence of particles and their breakups are also modeled by DPM. For this purpose, the collision model is used for modeling droplet coalescence, and on the basis of the particle Weber number, a proper model within the spray model theory [i.e., the Taylor analogy breakup (TAB) model or wave model] is used for modeling droplet breakup. As the surface tracking model of the Euler-Euler approach, the volume of fluid (VOF) is used for simulation of the fluid-flow patterns. The VOF model is designed for the simulation of immiscible multiphase flows where the position of the interface between any two adjacent different phases is of interest. In this model, a single set of momentum equations is shared by the fluids, and the volume fraction of each phase in the computational cells is tracked throughout the domain. Note that the VOF is not perfect for modeling the inlet zone of a separator because a complex momentum exchange occurs in this zone and fluid phases are fully interpenetrating. However, the VOF model can effectively capture the macroscopic aspects of the major part of a multiphase separa-tor, the gravity separation zone. The necessary model settings will be described in the following sections.
Definition of Droplet Size Distribution. In order to model the dispersion of oil and water droplets in the fluid-flow domain, the specification of the particle size distribution is a key step. However, empirical data on the size of fluid particles was not available from the Gullfaks-A separator (Hansen et al. 1993 ). Thus, a reliable method was required for prediction of particle size distribution for oil and water droplets entering the separator. There are numerous research studies that predict the size distribution of fluid dispersions. However, most have focused on prediction of maximum stable droplet size because the other necessary size distribution parameters such as spread parameter and minimum and mean droplet size can be estimated based on the predicted (or measured) maximum stable droplet size and the nature of the fluid phases. In the present study, the common particle size distribution function, the Rosin-Rammler (1933) To specify the spread parameter n for the Gullfaks-A dispersions, two experimental studies, performed by Karabelas (1978) and Angeli and Hewitt (2000) , were used. The experiments of Karabelas were carried out with kerosene (ρ=798 kg/m 3 , m=0.00182 Pa·s) and a more viscous transformer oil (ρ=892 kg/m 3 , m=0.0156 Pa·s) as continuous phases and water as dispersed phase. The experiments of Angeli and Hewitt were performed with both water and the oil (ρ=801 kg/m 3 , m=0.0016 Pa·s) as dispersed and/or continuous phases. The experimental distributions of Angeli and Hewitt produced a value between 2.1 and 2.8 for the Rosin-Rammler spread parameter. This result agrees with the values of 2.13 to 3.30 reported by Karabelas (1978) for water dispersed in two different oils. One of the most interesting experimental results of the Karabelas (1978) study showed that the spread parameter can be assumed to be constant and close to the measured average value for either oil in water or water in oil dispersions. Therefore, the arithmetic average value of 2.6, as reported by Karabelas (1978) , was used to set the particle size distribution. The next step involved finding a reliable method for prediction of maximum stable oil and water droplet sizes. The fundamental study in the field of droplet dispersions in the turbulent flow was conducted independently by Kolmogorov (1949) and Hinze (1955) . They assumed that the maximum stable droplet or bubble size d max could be determined by the balance between the turbulent pressure fluctuations, tending to deform or break the droplet or bubble, and the surface tension force resisting any deformation. The other important theory for maximum stable bubble size was developed later by Levich (1962) . He assumed that the maximum stable droplet or bubble size d max could be determined by the balance between the internal pressure of the droplet or bubble and the capillary pressure of the deformed droplet or bubble. In a later study, Hesketh et al. (1987) modified the Levich theory to develop an equation that includes all the salient physical fluid properties required to describe droplet or bubble size in turbulent flow. Hesketh et al. (1987) considered both the Kolmogorov-Hinze and Levich theories and recognized that in predicting maximum particle size for liquid/liquid and gas/liquid dispersions, only the latter gives consistent results. By including a viscosity grouping term originally proposed by Hinze (1955) , Hesketh et al. (1987) Although estimation of d max using Eq. 5 is tedious, the strong theoretical background and its very satisfactory representation of empirical data provided confidence in using this method for prediction of the maximum droplet size. Note that Hesketh et al. (1987) showed that this approach provided excellent results when dealing with experimental data that included a broad range of physical properties: surface tension of 0.005 to 0.072 N/m, the continuous phase viscosity of 0.001 to 0.016 Pa.s, and the dispersed phase density of 1 to 1000 kg/m 3 .
The discrete phase parameters required for CFD simulation of the Gullfaks-A separator have been calculated and presented in Table 3 . The droplet size distributions for oil and water dispersions are also represented in Fig. 3. Setting the CFD Simulator Parameters. The Reynolds number was much more than the transient value (Re=2,300) for all fluid phases, and a suitable turbulence model was selected as the viscous model. For this purpose, the standard k-ε (Launder and Spalding 1972) model was selected. This semi-empirical model has been selected as the default in most commercial packages and is accepted as the most cost-effective and widely applicable turbulence model (Sharratt 1990; Gosman 1998) . In order to input the boundary conditions for inlet, the velocity and volume fractions of phases were set. For the gas-outlet boundary, outlet pressure and volume fractions (as pure gas) were set while for the liquid-outlet boundaries, outlet velocities and volume fractions (as pure liquid) were set. For identifying the flow regimes in inlet and outlet nozzles, the turbulence intensity and hydraulic diameter of flow through the nozzles were determined. The turbulence intensity in the inlet and outlet zones was estimated using an empirical correlation (Fluent 6 (6) In normal operation, the separator was half-filled with liquid (Hansen et al. 1993) . To set the position of interface between phases, the volume fractions of phases above and below the assumed interface were patched to the reasonable values.
Solving a multiphase simulation problem is inherently subject to stability and convergence issues. Careful choice of the solution method and under-relaxation factors markedly affects both the rate of convergence and the solution existence (Sharratt 1990; Anderson 1995) . Thus, in order to overcome the stability/convergence difficulties, the pressure-implicit with splitting of operators (PISO) method was used as the solver (Issa 1986) , and the under-relaxation factor for pressure, density, momentum, volume fraction, and turbulence groups was set at 0.10, 0.90, 0.0005, 0.005, and 0.70, respectively.
Results and Discussion
Before presenting the results of this case study, it is important to highlight the most important modifications of this study as compared with the original research presented by Hansen et al. (1993) . In their CFD simulation of this multiphase separator, Hansen et al. (1993) made a number of simplifying assumptions:
• Fluid-flow analysis was confined to the inlet zone and the bulk liquid flow zone. Therefore, the interaction between multiple zones was ignored.
• In both zones, the flow was considered to be symmetrical around the vertical plane in the middle of the separator (xz-plane); thus, only half of each zone volume was modeled. Apparently, this is a questionable assumption, particularly when no plug flow regime was established as shown by their results.
• The inlet section of the separator in which all three phases are present was modeled as a two-phase gas/liquid flow, and the results did provide the boundary conditions for the distributed velocity field in the liquid pool. A two-phase simulation of a three-phase zone will reduce the accuracy of the results for the inlet zone, and the incorrect boundary condition will also decrease the accuracy of downstream bulk liquid solution flow.
• The grid systems used for numerical simulations of the inlet zone and the bulk liquid zone were 11×8×15 and 23×4×5, respectively. Given the vessel dimensions, the generated grid systems are rather coarse. Note that if the assumed grid system was developed such as to cover whole the vessel, the generated grid would include some 4,480 cells, which is 0.51% of the generated mesh cells of the developed CFD model. Therefore, the grid system of the current study is almost 200 times finer than that used in the original work of Hansen et al. (1993) .
• The other major improvement when compared with not only Hansen et al. (1993) but also other previous projects on the CFDbased study of separator performance is the direct and quantitative evaluation of the separator efficiency. For this purpose, five datarecording planes were defined to record the characteristics of the droplets passing through them. The recording surfaces of interest were two vertical at the start and at the end of the gravity separation section, the gas outlet, the oil outlet, and the water outlet.
Computer codes were developed to analyze the data provided by the recording planes. These computer codes calculate the separation efficiencies (based on mass distribution of droplets among gas, oil, and water outlets), Rosin-Rammler particle size distributions on the five capturing surfaces, and the number of droplet coalescence and breakup. Having prepared the physical model and set all the CFD parameters, some 4,000 iterations were required for the continuous-phase solution convergence. Each iteration took approximately 22 seconds on a Pentium D (3.20 GHz) and 2.00 GB of RAM PC. Therefore, a PC runtime of approximately 24 hours was required for solution of continuous-phase fluid flows with a further PC runtime of approximately 3 hours required for the simulation of interactions among the dispersed droplets and the continuous phases. Fluid-Flow Profiles. Velocity vectors on four parallel horizontal planes and four parallel vertical planes for both the 1988 and the future production condition were obtained and compared with the corresponding profiles from the original study. A complete set of the profiles has been provided in Pourahmadi Laleh (2010), but the most significant profiles will be presented in this paper. Using the original profiles, Hansen et al. (1993) addressed the rotational flow regimes established between any two internals. However, the large-scale fluid-flow circulations were not realized in current study, even though some minor flow circulations or backflows were predicted. It was noted during the solution convergence trend that if the over-relaxation parameters are not adjusted correctly or the correct solver is not selected, large rotational flow patterns can be produced, and the solution fluctuates without approaching a realistic converged solution. In addition to this issue, the major simplifying assumptions used in the original work are another probable source of inaccuracy. Therefore, it would seem that the large flow circulations predicted by Hansen et al. (1993) are a result of poor adjustments or assumptions (e.g., the poor setting of the over-relaxation parameters). Furthermore, the recent CFD-based study by Lu et al. (2007) does show that the distribution baffles generally improve the quality of liquid flow distribution in the vessel, break the largescale circulations into smaller ones, and reduce the short-circuiting flow streams. The pressure, velocity, and density profiles for both production conditions are shown in Figs. 4 through 6. The simulated pressure profiles indicated that the pressure drops assigned to the baffles and demister are small (reasonable), and the velocity vectors were realistic. However, on the basis of the simulated density contours (Fig.  6) , it would seem that the separator at both operating conditions (particularly, at the future production condition) may suffer from foam and emulsion problems. The distortion of interfaces in the inlet and outlet zones indicates a potential for foam and emulsion problems. The other detectable problem is the flow behavior near the water outlet predicted for the future production condition (Fig.  6b) . With the large increase in the produced water flow rate, the water phase must be pumped from the vessel at much higher rates. Therefore, as indicated by the present CFD simulation results, there is an increasing tendency for the oil phase to be pushed toward the water outlet. This, at least, will increase the risk of turbulence in the water outlet zone and may lead to mixing of the phases. In order to overcome this problem, one should minimize the risk of mixing liquid phases by improving the vessel design.
Separation Efficiencies. The analysis of the oil and water droplets exiting at the separator outlets resulted in a predicted overall separation efficiency of 98.0% at the 1988 production conditions. The result is based on the mass distribution of injected oil and water droplets at the separator outlets. This mass distribution analysis indicated that 100% of oil droplets and 96.9% of water droplets were separated and exited through their corresponding outlets. Note that there was no droplet present in the gas phase outlet; hence, all the injected droplets came out in either the oil outlet or the water outlet.
As would be expected from practical field experience and also shown in the density contours of Fig. 6b , with an increase at the future produced water flow rate, the separation efficiency for oil droplets was predicted to decrease to 1.3%. Again, there was no predicted carryover in the gas outlet, and thus all the injected droplets came out with either the oil outlet or the water outlet. Therefore, the gas/liquid separation efficiency was still 100%. The very low separation efficiency for oil droplets indicates that the water phase does not have sufficient residence time for oil droplets to rise up and join the oil phase; therefore, almost all of the oil droplets are carried by water phase to the water outlet. Although the separation efficiency was calculated to be 100% for water droplets, because of the difficulty in separating the oil droplets, the total separation efficiency has been reduced to 70.4%.
The result of droplet size distribution analysis on the selected surfaces of the separator is shown in Table 4 . As the data of Table  4 shows, when compared with the initially defined droplet size distribution (Table 3) , droplets have become smaller. The reason is that droplet breakup occurs when the injected droplets strike the deflector baffle. Therefore, the volume median diameter has decreased to 70% of its initial value for oil droplets, and to 67% of its initial value for water droplets for the 1988 production condition. With the projected increase in the inlet water flow rate, these values change to 54% for oil droplets and to 46% for water droplets. The CFD simulation results show that for the 2,000 injected droplets, the number of breakups was predicted to be 1,590 for 1988 condition and 1,543 at the future operating condition. Free coalescence of droplets was not a common phenomenon in the three-phase separator. Droplet coalescence may happen at a very low rate of approximately 0.1% without any noticeable trend. Table 4 also shows that the droplet size distribution before and after the gravity separation zone is almost the same. This implies that there should be no further breakup while droplets are traveling through the main part of the separator; hence, droplet size distribution remains essentially constant.
Conclusions
A three-phase separator located in the Gullfaks oilfield in the Norwegian sector of the North Sea was simulated. The combined VOF-DPM approach was used to capture both macroscopic and microscopic features of the phase-separation phenomenon. In this study, the installed distribution baffles and mist eliminator were modeled using the porous media model, which required the detailed specifications and design information for the three-phase separator. Using the available theoretical approaches and experimental correlations, a useful methodology for estimation of droplet size distribution, which is necessary for implementing the DPM approach, was developed. Compared with the original study of Hansen et al. (1993) , the developed model did provide high-quality details of fluid-flow profiles, leading to a very realistic overall picture of phase separation in all zones of the separator. The CFD simulations demonstrated that major separation inefficiencies may be encountered with the projected increase in the flow rate of produced water, which compared well with the oilfield separator experience. The CFD simulations showed that droplet breakage was common with an average rate of 76%, when dispersed droplets came into contact with the deflector baffle. Because of droplet breakup, the volume median diameter of droplets decreased to approximately 67% of the initial value. However, the droplet size distribution remained almost the same while the droplets were traveling through the gravity separation zone of the separator. Moreover, free coalescence of droplets was not a common phenomenon; hence, any positive effect of free coalescence on the separation efficiency was negligible.
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